Type I spiral ganglion neurons have a unique role relative to other sensory afferents because, as a single population, they must convey the richness, complexity, and precision of auditory information as they shape signals transmitted to the brain. To understand better the sophistication of spiral ganglion response properties, we compared somatic whole-cell current-clamp recordings from basal and apical neurons obtained during the first 2 postnatal weeks from CBA/CaJ mice. We found that during this developmental time period neuron response properties changed from uniformly excitable to differentially plastic. Low-frequency, apical and high-frequency basal neurons at postnatal day 1 (P1)-P3 were predominantly slowly accommodating (SA), firing at low thresholds with little alteration in accommodation response mode induced by changes in resting membrane potential (RMP) or added neurotrophin-3 (NT-3). In contrast, P10 -P14 apical and basal neurons were predominately rapidly accommodating (RA), had higher firing thresholds, and responded to elevation of RMP and added NT-3 by transitioning to the SA category without affecting the instantaneous firing rate. Therefore, older neurons appeared to be uniformly less excitable under baseline conditions yet displayed a previously unrecognized capacity to change response modes dynamically within a remarkably stable accommodation framework. Because the soma is interposed in the signal conduction pathway, these specializations can potentially lead to shaping and filtering of the transmitted signal. These results suggest that spiral ganglion neurons possess electrophysiological mechanisms that enable them to adapt their response properties to the characteristics of incoming stimuli and thus have the capacity to encode a wide spectrum of auditory information.
Introduction
Primary sensory afferents are responsible for accurately conveying external sensory information into higher processing centers of the brain with sensitivity and speed. Most sensory systems accomplish this by decomposing a stimulus into submodalities that are transmitted in parallel. The underlying mechanistic foundation of this process is apparent in the elaborate receptor subtypes and complex afferent innervation patterns that typify the gustatory, olfactory, somatosensory, and visual systems (Wood and Docherty, 1997; Vosshall and Stocker, 2007; Carleton et al., 2010; Dowling, 1979) . In contrast, the auditory system is unique in its organizational simplicity. Acoustic information is transmitted into the brain by a single class of primary afferents that make one-to-one connections with inner hair cell sensory receptors (Spoendlin, 1973; Liberman, 1982; Meyer et al., 2009) . This organization, which appears at face value to severely limit coding capacity, prompts the question of how the richness and precision of auditory information is sent to the CNS to process the frequency, intensity, timbre, and location of sound that is ultimately perceived (Bizley and Walker, 2010) . One goal of this study was to determine whether the intrinsic electrophysiological properties of the neurons themselves may play a role. We focused on the property of accommodation because it is a signature feature used to classify primary afferent submodalities in many sensory systems (Loewenstein and Mendelson, 1965; Cleland et al., 1971; Scroggs and Fox, 1992; Robinson and Chalupa, 1997; Wang et al., 1998) .
Our studies show that, based on accommodation and threshold, the overall responses for the population could be placed into three distinct categories, or response modes, and that neurons from older animals could dynamically switch between these modes while preserving many of their basic kinetic features. Therefore, a spiral ganglion neuron having a relatively low threshold could switch from rapid to slow accommodation under appropriate conditions, yet retain its maximal firing frequency. These accommodation categories persisted when neurons were held either at defined holding potentials or at their endogenous resting membrane potentials. Moreover, the underlying electrophysiological parameters that contribute to accommodation and excitability differ in their regulation from those parameters that control timing features. The time courses over which these features change during development are separable, as are their responses to neurotrophin-3 (NT-3).
The structural organization of the organ of Corti is thus augmented by neuronal electrophysiological sophistication. The response modes of spiral ganglion neurons fit into a consistent accommodation profile and, within this stable framework, they are capable of dynamically altering accommodation while retaining other firing characteristics. Further, although the excitability of spiral ganglion neurons decreased during development, we found that their ability to change response modes as induced by membrane depolarization and NT-3 actually increased, thus making them more dynamic with age. Our findings suggest that, rather than being limited by the capabilities of a single class of primary afferent, the peripheral auditory system appears to have the capacity to modulate actively a diverse set of response properties, commensurate with the dynamic nature of the acoustic stimulus that they must encode.
coding sensory information. Voltage threshold was measured as the peak amplitude of the just-subthreshold response using 1 pA increments. A holding potential of Ϫ80 mV was chosen to assess responses at a level in which there is minimal voltage-dependent ion channel inactivation. Input resistance was calculated from the slope of the linear region fitted between Ϫ80 mV and Ϫ60 mV for the voltage to current relationships. For Figures 7, 8, 9, 10 , and 11, the holding potential was also depolarized to Ϫ60 mV to compare accommodation levels with the Ϫ80 mV holding potential recordings. Data were digitized at 10 kHz with a CED Power 1401 interface using an IBM-compatible personal computer and filtered at 2 kHz; the programs for data acquisition and analysis were written and generously provided by Dr. Mark R. Plummer (Rutgers University). Acceptable current-clamp recordings met the following criteria: low noise levels (Ͻ4 mV peak-to-peak; typically Ͻ1 mV peak-to-peak), stable membrane potentials, discernible membrane time constant on step current injection, and overshooting APs (magnitudes of Ն80 mV from baseline).
Measurements of interspike interval (ISI), instantaneous rate, sustained rate, and plateau voltage level were obtained from whole-cell current-clamp recordings. As shown graphically in Figure 2C , inset, ISI was measured as the difference in time between the first two APs. Instantaneous rate is presented as the reciprocal of ISI (1/ISI). Sustained rate, as shown in Figure 2D , inset, was measured as the number of APs divided by the AP train duration. Both instantaneous and sustained rates were converted from milliseconds to seconds. The plateau voltage was measured as the membrane potential at the end of the test pulse for rapidly accommodating neurons. For slowly accommodating neurons that fired for the duration of the test pulse, the plateau voltage was estimated by averaging the voltage for the duration of the test pulse . By applying the same method to rapidly accommodating neurons and comparing that value with the value obtained by direct measurement of the end of the test pulse, we confirmed that this method generates a very close approximation of the direct measurement.
Calculation of the endogenous resting membrane potential (RMP) was initially described by Verheugen et al. (1999) and performed according to Liu et al. (2014) . Cell-attached single K ϩ channel recordings (mean conductance of 44 pS) were used to measure noninvasively the RMP, which was calculated based on the K ϩ reversal potential. The internal solution utilized contains essentially equimolar [K ϩ ] across the membrane, which zeroes the net flow of K ϩ current at 0 mV. Therefore, the direction of the single-channel current depends on the pipette voltage and the current reverses when the pipette voltage equals the RMP. HCN or Cl Ϫ channel contamination was ruled out based on the small conductance of HCN and the unequal [Cl Ϫ ] across the membrane. Use of K-gluconate internal solution confirmed K ϩ selectivity (Liu et al., 2014) . After entry into whole-cell mode, the current injection level was set to the calculated, endogenous RMP and APmax was then assessed. This noninvasive method provides a more accurate method of obtaining RMP because breaking into a cell can alter RMP. Based on the internal solution, RMP values obtained with zero injected current are expected to be depolarized by ϳ5 mV on average (Liu et al., 2014) .
NT-3 (Peprotech) was prepared as a stock solution from lyophilized powder using sterile water. The stock solution was diluted with sterile distilled water and added at time of plating to a final concentration of 10 ng/ml (1:1000 dilution). This concentration was chosen because it yielded the maximal change in accommodation (Zhou et al., 2005) . Vehicle control was 10 l of sterile distilled water added at time of plating. NT-3 and vehicle control recordings were performed at 6 -7 DIV and were typically assessed concurrently from sister cultures. All recordings (untreated, vehicle control, were performed from multiple platings and animals.
K v 1.1 immunocytochemistry. To compare anti-K v 1.1 immunolabeling at distinct developmental time points, spiral ganglion explants were isolated from P3 and P8 animals on the same day so that fixation, staining, and data acquisition could be performed simultaneously for comparative purposes. After culturing neuron explants for 6 DIV, immunostaining patterns were similar for tissue fixed with either 4% paraformaldehyde (6 min at RT), followed by 0.1% Triton X-100 (15 min at RT) or 100% methanol (6 min at Ϫ20°C) and rinsed 3ϫ with 0.01 M PBS, pH 7.4, for 5 min. The tissue was incubated with 5% normal goat serum for 1 h to block nonspecific labeling. Primary antibody was then applied for 1 h at RT and then rinsed 3ϫ with PBS for 5 min. Fluorescein-conjugated secondary antibody (anti-rabbit Alexa Fluor 488, 1:100, catalog #A11070; Life Technologies; or anti-mouse Alexa Fluor 594, 1:100, catalog #A11020; Life Technologies) was subsequently applied for 1 h at RT. The preparations were then rinsed 3ϫ with PBS for 5 min. Finally, 1,4-diazabicyclo[2.2.2]octane (DABCO) was applied for viewing and storage. Images were acquired using a Hamamatsu ORCA-ER camera fitted on a Zeiss Axiovert 200M inverted microscope that was controlled using IPLab software (Scanalytics). Exposure times were held constant when acquiring images within each experiment. Antibody luminance was measured in IPLab with no digital enhancement using a box tool with an area of either 10 ϫ 10 or 15 ϫ 15 pixels to subtract the mean of four background areas from the mean of the three brightest areas inside each neuron. A single experiment consisted of luminance measurements from a minimum of 175 neurons obtained from P3 and P8 apical and basal spiral ganglia isolated on a single day and processed identically; statistical analyses were based on 3 separate experiments. The primary antibodies were as follows: polyclonal K v 1.1 (1:150, catalog #APC-009; Alomone Labs) and neuron-specific class III ␤-tubulin (1:200, catalog #MMS-435P; Covance). For the display of images in Figure 5A , the brightness, contrast, and gamma were adjusted equally for either the K v 1.1 or ␤-tubulin antibodies, respectively, using IPLab and Adobe Photoshop.
Statistical analyses. Student's two-tailed unpaired t tests were performed in Microsoft Excel to compare interregion means at a specific age; for example, voltage thresholds between base and apex at P7. For intraregion comparisons (e.g., base threshold vs postnatal age), N-way ANOVA was used followed by Tukey-Kramer post hoc pairwise analysis. ANOVA results were obtained with Matlab (Mathworks). A p value Ͻ0.05/0.01 denotes a significant difference and is shown with an asterisk (* and **, respectively) unless otherwise indicated. The data are displayed as mean Ϯ SEM, as indicated.
Results
To determine the full range of firing characteristics of spiral ganglion neurons, we provide a composite snapshot of 972 recording paradigms from neurons ranging in age from newborn through hearing onset (P1-P14) encompassing those isolated from the basal, high-frequency to the apical, low-frequency regions with and without 10 ng/ml NT-3 at a holding potential of Ϫ80 mV (n ϭ 594), a portion of these (n ϭ 295) that were also tested at Ϫ60 mV, and, finally, cells held at their endogenous RMP (n ϭ 80; Fig. 1) . Surprisingly, this diverse group of recordings coalesced into three broad populations based solely on accommodation. These groupings are referred to throughout this study as rapid accommodation (RA; APmax ϭ 2-8; see Materials and Methods for APmax definition), unitary accommodation (UA, APmax ϭ 1; a special case of RA described in Fig. 3) , and slow accommodation (SA; APmax ϭ 11 or more). The RA group (light gray circles) ceased firing during the test pulse and was thus distinguished from the SA category (gray circles), which fired for the duration of the 240 ms test pulse. The cessation of firing for RA neurons resulted in an observable gap (between an APmax of 8 and 11) that separated them from SA neurons, which is in close agreement with previous studies . Both of the RA and SA groups spanned a wide range of ISIs from 4.5 to 19.7 ms (Fig. 1) . This was seen most clearly in the SA neurons because they formed a function extending from neurons with long ISIs, firing relatively few APs (APmax ϭ 11) to neurons with brief ISIs firing up to 40 APs. Although SA neurons fired throughout the test pulse, the APmax versus ISI function was nonlinear and best fitted with a single exponential (R 2 ϭ 0.73). The upper limits were likely affected by declining AP and afterhyperpolarization durations, whereas the lower limits were affected by a modest amount of spike-frequency adaptation. Nevertheless, these data show that, although individual neurons have distinct properties, together, they represent a wide range of instantaneous firing frequencies that range from 50 to Ͼ200 Hz.
Although the RA and SA classes of accommodating neurons were clearly distinguished, this type of analysis is essentially a single view of a neuron's firing capabilities at one defined voltage level. To extend our analysis, we further evaluated neuronal firing profiles at a series of depolarizing step potentials. The data in Figure 2 provide an analysis of rate/level functions to illustrate the wide dynamic range of spiral ganglion neuron firing properties. Representative current-clamp recordings, chosen to illustrate the breadth of individual response profiles, were categorized as described previously Adamson et al., 2002a) and based on Figure 1 , RA or SA. These recordings were characterized according to the number of APs elicited over a large voltage range (RA, Fig. 2B ; SA, Fig. 2E ) and were also analyzed for rate/level functions for which the level was set at the plateau membrane voltage (Fig. 2C,D and F, G, respectively) . Shown in the example current-clamp recordings ( Fig. 2A) and accompanying plots (Fig. 2 B, E) are cells that range in accommodation and voltage sensitivities. Column 1 (light gray squares) typifies RA neurons that fired multiple APs but ceased firing during the test pulse. The recording in column 2 (gray circles) fired at a similar rate as the neuron in column 1, but is SA because it fired for the duration of the test pulse. The recording in column 3 (white circles) is also SA, but it showed a distinctly different firing rate from that in column 2. Therefore, even though the neurons in columns 2 and 3 are SA, they possess distinctly different firing profiles, which indicates that the information they encode may differ subtly. In addition, the voltage sensitivities were diverse. For example, the recording in column 3 showed multiple APs at a low voltage (Ϫ53 mV) that increased to Ͼ30 APs over a 20 mV range (from ϳϪ40 mV to Ϫ20 mV, see profile in Fig. 2E ). RA neurons, such as the example in column 1, generally had depolarized thresholds that required higher current injections to fire more than a single AP. They also had much sharper APmax peaks compared with SA neurons, which plateaued, and thus lasted over a wider voltage range (cf. Fig. 2 B, E). Shown in Figure 2 , C and D, and Figure 2 , F and G, are rate/level functions for RA and SA neurons, respectively, which further highlights their distinctive features. These data show that, whereas the APmax differed dramatically between categories of neurons (cf. Fig. 2 B, E), the ranges of rates were similar (cf. Fig. 2C ,F ), indicating that they may be derived from similar populations but with slightly different types and/or ratios of ion channels that sculpt their firing profiles. These data highlight the diversity of voltage threshold and firing sensitivities of spiral ganglion neurons that cover a wide range in terms of both voltage and APmax. Although accommodation can have a profound effect on sensory afferent signal coding and is a valid distinguishing feature between neurons, we next investigated whether there was an independent measure that would further separate the accommodation categories distinguished by our APmax versus ISI analysis ( Fig. 1) . RA neurons had elevated threshold levels compared with SA neurons (Fig. 2 B, E) ; therefore, we evaluated directly the threshold levels from the full pool of recordings obtained with our standard holding potential of Ϫ80 mV. From this analysis, we found that, although a wide range of voltages were observed, those that fired only a single AP (UA neurons) had the greatest representation at the most depolarized voltage threshold levels, RA neurons (i.e., APmax ϭ 2-8) populated the middle, and SA neurons were shifted to lower voltage thresholds, especially as APmax increased (Fig. 3 ). When the data were then grouped according to accommodation category, we found that voltage thresholds correlated significantly with APmax such that the single-spiking UA cells had the highest voltage thresholds and thus represent a distinct subcategory of RA neuron. SA neurons had the lowest voltage thresholds and the RA category was intermediate (UA: Ϫ44.1 Ϯ 0.3 mV; RA: Ϫ48.3 Ϯ 0.3 mV; SA: Ϫ51.3 Ϯ 0.2 mV, p Ͻ 0.001 for all comparisons; Fig. 3, inset) . Together, these data highlight the relationship of voltage threshold to spiral ganglion neuron firing that is shown in Figures 1 and 3 and supports three categorical groupings based on accommodation.
Although 95% of the spiral ganglion is composed of apparently identical type I neurons, the data in Figure 3 suggest that three separate categories can be defined based on their intrinsic firing patterns. However, because the data shown in Figures 1 and  3 are comprised of a composite of neurons removed from specific locations, with a wide range of ages, with and without NT-3, and held at different voltage levels, it is possible that each condition could merely comprise a single category. We therefore subdivided the data to determine whether the firing patterns were distinguished by postnatal age.
By highlighting the data obtained from different aged animals superimposed on the entire dataset, we observed a progression of firing patterns and found that it was the percentage of neurons within each category that shifted over time, not the categories themselves. Figure 4 , A-D, describes the changes in ISI versus APmax as a function of age (black circles) overlaid on the full dataset shown in Figure 1A (gray circles); the insets for each figure show the percentage of cells in each accommodation category (all recordings in this figure were assessed at Ϫ80 mV holding potential). In Figure 4A , only 1.5% of P1-P2 neurons were UA, with the majority of cells (64.6%) falling into the SA category, thus demonstrating a high level of excitability. As postnatal age increased (P3-P5, P6 -P8, and P10 -P14; Fig. 4B -D, respectively), the percentage of cells in each category progressively shifted such that, by P14, Ͼ75% of the cells were UA. Therefore, unexpectedly, despite differences in the percentage of neurons that compose the three categories highlighted in the total dataset (gray circles), the three accommodation classifications remain unchanged.
Not only did accommodation shift with age, but we also observed the predicted developmental gradient in vitro: basal neurons changed at an earlier time point than apical neurons. As shown in the bar charts of average APmax at P1-P14 (Fig. 4G ), basal neurons shifted to the RA profile well before apical neurons. The highly excitable phenotype of basal neurons at early postnatal ages (average of ϳ13 APs from P1-P4) was indistinguishable from apical neurons of the same age, declined to ϳ1 AP by P7, and remained at that level until P14. Apical neurons also underwent a change in APmax, but the decline began at ϳP7 and also reached a maximum of ϳ1 AP by P14. In addition, we only rarely observed (n ϭ 5) spontaneous APs (Lin and Chen, 2000) , which were limited to low-threshold neurons in the earliest postnatal cultures (P1-P3).
Interestingly, the time course of this age-dependent change in the electrophysiological profile of basal and apical neurons differed with respect to AP latency. Although the latency of basal neurons became more rapid at earlier postnatal ages than apical neurons, the abrupt phase of the change occurred at an earlier stage than APmax. This is seen in the example traces from current-clamp recordings (Fig. 4 E, F ) , which are representative of the group data (Fig. 4H ). In addition, these traces show that APs (Fig. 4E) were well formed at birth, which is consistent with acute slice recordings from late embryonic mice (Marrs and Spirou, 2012), indicating that the basic complements of ion channels are present before birth. Comparisons between neurons from different cochlear regions show that base neurons possessed relatively long AP latencies from P1 to P2 (P1: 29.1 Ϯ 4.9 ms, n ϭ 17) that became dramatically shorter by P3 (14.9 Ϯ 2.4 ms; n ϭ 16) and then progressively shorter until P14 (5.5 Ϯ 0.2 ms, n ϭ 12; p Ͻ 0.05). Apical neurons followed a similar pattern but began to decline ϳ1-2 d later at ϳP5 (P1: 24.4 Ϯ 1.9, n ϭ 17; P5: 14.5 Ϯ 1.1 ms, n ϭ 16; P14: 5.6 Ϯ 0.2 ms, n ϭ 13; p Ͻ 0.05). AP duration, another timing-related feature, was largely unchanged and only reached statistical significance for either region by P14 (Fig. 4J ) .
Although voltage thresholds from both cochlear locations became significantly elevated and with reduced latency jitter, as shown in the overlaid sweeps (Fig. 4F ) , basal neurons showed a pronounced elevation of voltage threshold that changed at a slower time course than APmax and latency yet still occurred more rapidly than for apical neurons. Changes in basal neuron voltage thresholds, which were initially relatively hyperpolarized (P1: Ϫ50.4 Ϯ 0.9 mV), became more depolarized during the first postnatal week (P7: Ϫ42.5 Ϯ 0.9 mV; p Ͻ 0.05) and then stabilized during the second postnatal week (P14: Ϫ42.3 Ϯ 1.2 mV, p Ͼ 0.88). In contrast, apical neurons manifested a more gradual change in voltage thresholds that achieved statistical significance only by P14 relative to P1 (P1: Ϫ51.9 Ϯ 1.3 mV; P14: Ϫ46.3 Ϯ 0.9 mV, p Ͻ 0.05; Fig. 4I ). Tonotopic differences in voltage thresholds achieved significance by P6 (Ϫ49.5 Ϯ 0.9 mV, Ϫ45.3 Ϯ 0.9 mV, respectively; p Ͻ 0.01) and retained this difference through P14 (Ϫ46.3 Ϯ 0.9 mV, Ϫ42.2 Ϯ 1.2 mV, respectively, p Ͻ 0.05). Despite the complex, age-related changes that were observed for each of the electrophysiological parameters examined, the consistent blueprint of their accommodation remained unchanged. Whether a neuron was removed from the animal 1 d or a full 2 weeks after birth, the overall profile of their firing features remained stable. Neurons fired a single AP, multiple APs with rapid accommodation, or displayed slow accommodation. The dynamic aspect of their profile, however, was the percentage of cells within each category and how rapidly the neurons were capable of firing.
Notably, the changes in firing features during development were largely complete by the end of the first postnatal week. We next investigated whether these changes correspond to agerelated changes in K v 1.1 protein expression, a channel type Shown are P1-P2 (A), P3-P5 (B), P6 -P8 (C), and P10 -P14 (D). Note that the data continue to support the existence of three discrete categories, with the percentage of cells within each category shifting as postnatal age increases. E, Representative sweeps from basal (left) and apical (right) neurons demonstrate the changes in AP latencies and voltage thresholds at P1, P4, P7, and P14. Note the age-related reductions in latency (both regions) and elevations in threshold (most evident in the base). Sweeps reflect the grouped data means in H and I. F, Overlaid threshold sweeps from all basal (left) and apical (right) neuron recordings at P1, P4, P7, and P14. As postnatal age increased, the heterogeneity in timing was reduced, but the heterogeneity in threshold levels persisted. Some threshold responses for P1 neurons from both regions and one P4 apical neuron are too long to fit in the time window displayed. G, APmax levels in response to suprathreshold stimulation start relatively high in both regions and decline faster in the base relative to the apex. Both fire, on average, a single AP by P14. H, AP latency declined in both regions, but ϳ2 d faster in the base relative to apex. Also note that AP latency changes temporally precede APmax changes by ϳ2 d. I, Voltage thresholds become elevated, particularly in base neurons, as a function of age. J, Changes in AP duration are relatively modest, reaching significance by P14 compared with P1-P2 neurons. Brackets and asterisks indicate statistical significance. Neurons were held at Ϫ80 mV for all assessments in this figure. Scale bar values are displayed with the sweeps. n for G-J are shown in G.
known to regulate voltage threshold, RMP, and accommodation (Liu et al., 2014) . We quantified the relative differences in anti-K v 1.1 antibody immunolabeling and found that it increased significantly between P3 and P8 in both basal and apical neurons and also manifested in a tonotopic distinction, which likely explains the persistence of tonotopic differences in voltage threshold. Shown in Figure 5A are representative images that display the age-related changes in K v 1.1 immunostaining in P3 basal versus P8 basal neurons. These changes were quantified for both basal and apical neurons and are graphed as average luminance in Figure 5B (P3 base luminance: 393.5 Ϯ 12.0; P3 apex: 349.4 Ϯ 11.7; P7 base: 702.4 Ϯ 17.7; P7 apex: 510.5 Ϯ 12.8; n ϭ 3; see figure and legend for statistical comparisons). Changes in luminance are not necessarily correlated with alterations in surface-expressed ion channels, however, we have found that immunocytochemistry broadly correlates with pharmacological assessments using patch-clamp electrophysiology (Adamson et al., 2002b; Chen et al., 2011; Liu et al., 2014) . Specifically, anti-K v 1.1 antibody luminance levels in apical and basal postnatal spiral ganglion neurons were consistent with whole-cell voltage-clamp ␣-dendrotoxin-sensitive difference currents (Liu et al., 2014) . These differential alterations in K v 1.1 immunostaining and timing and excitability features were accompanied by significant changes in input resistance for basal neurons (P3 base: 258.3 Ϯ 0.02 M⍀, n ϭ 14; P7 base: 192.6 Ϯ 0.01 M⍀, n ϭ 9; p Ͻ 0.05), whereas trends for P3 and P8 apical neurons were also consistent with immunocytochemical results, the differences were not significant (P3 apex: 276.7 Ϯ 0.03 M⍀, n ϭ 18; P8 apex: 235.7 Ϯ 0.02 M⍀, n ϭ 13; p Ͼ 0.3). Accordingly, we also observed that the RMPs of P1 basal neurons were significantly more depolarized than P8 basal neurons (P1 base: Ϫ56.0 Ϯ 0.7 mV, n ϭ 17; P8 base: Ϫ62.4 Ϯ 0.8 mV, n ϭ 15, p Ͻ 0.05). Changes in apical neuron RMP did not reach significance until P14. These data indicate that, as postnatal age increases, spiral ganglion neurons may incorporate K v 1.1 channels, which consequently affects input resistance, RMP, and firing features.
The experiments presented thus far used a defined holding potential (Ϫ80 mV) to establish and compare the electrophysiological features of spiral ganglion neurons from birth through hearing onset. However, the RMP of these neurons is typically more depolarized when assessed in vitro (Rusznák and Szû cs, 2009). Although it is customary to measure the endogenous RMP using standard whole-cell current-clamp techniques, we have recently used a noninvasive method to measure the endogenous RMP (Verheugen et al., 1999; Liu et al., 2014) . We therefore calculated the endogenous RMP non-invasively in P6 -P7 cultures of 36 basal and 44 apical neurons and observed a range of RMP from Ϫ53 mV to Ϫ78 mV. We held each cell at its calculated, endogenous RMP to assess accommodation and, consistent with the Ϫ80 mV data (Fig. 4C) , we observed the three accommodation categories but with a shift in the percentage of cells from UA toward the RA and SA categories (Fig. 6) . The similarity in accommodation categories when using a defined holding potential versus the calculated RMP indicates their stability and the shift in the percentage of cells within each category highlights their dynamic nature and indicates a direct effect of holding potential on accommodation.
These results suggest that, as developmental processes proceed, cells move between different accommodation categories without altering the overall framework. To determine potential mediators of these changes, we examined the effects of NT-3, the expression of which is reduced during this same time period. Based upon previous studies, we expected that P5 basal spiral ganglion neurons would be converted from RA to SA, that voltage thresholds would be reduced, and that latencies would be prolonged after exogenous application of NT-3 (Adamson et al., 2002b; Zhou et al., 2005) . Here, we expanded on those observations by assessing the effects of NT-3 (10 ng/ml) on basal and apical neurons by examining both earlier (P3, slower but highly excitable), intermediate (P8), and later (P10-P14, faster but reduced excitability) time points. As shown by the representative traces (Fig. 7A ) and the group data ( Fig. 7B-D) , we confirmed our previous results in P6 basal neurons that NT-3 exposure prolonged AP latencies (vehicle control vs NT-3 exposed: 9.5 Ϯ 0.6 ms vs 13 Ϯ 1.1 ms, p Ͻ 0.01), increased APmax (vehicle control vs NT-3 exposed: 1.9 Ϯ 0.5 APs vs 14.5 Ϯ 2.8 APs, p Ͻ 0.01), and lowered voltage thresholds (vehicle control vs NT-3 exposed: Ϫ43 Ϯ 1.3 mV vs Ϫ47.2 Ϯ 1.4 mV, p Ͻ 0.05). NT-3 exposure to P3 neurons from either region (Fig. 7B-D , E-G) did not significantly alter AP latency (vehicle control vs NT-3 exposed: 31.4 Ϯ 6.3 ms vs 22.4 Ϯ 4.1 ms, p Ͼ 0.24), APmax (vehicle control vs NT-3 exposed: 12.7 Ϯ 3.1 APs vs 16.9 Ϯ 3.0 APs, p Ͼ 0.2), or voltage thresholds (vehicle control vs NT-3 exposed: Ϫ48.6 Ϯ 1.5 mV vs Ϫ46.1 Ϯ 0.9 mV, p Ͼ 0.16), indicating a ceiling effect possibly due to the already high level of excitability possessed by these neurons. P8 base neurons responded equally well to NT-3 application as P6 base neurons, both in terms of increased APmax (vehicle control vs NT-3 exposed: 1.1 Ϯ 0.1 APs vs 13.9 Ϯ 3.5 APs, p Ͻ 0.01) and lowered voltage thresholds (vehicle control vs NT-3 exposed: Ϫ42.6 Ϯ 1.3 mV vs Ϫ48.7 Ϯ 1.0 mV, p Ͻ 0.01). AP latencies were numerically but not significantly prolonged (vehicle control vs NT-3 exposed: 8.2 Ϯ 0.7 ms vs 9.6 Ϯ 0.8 ms, p Ͼ 0.21). Interestingly, the effect of NT-3 in basal neurons appeared to diminish as the postnatal age increased such that AP latencies were not significantly different for P10 (vehicle control vs NT-3 exposed: 6.8 Ϯ 0.1 ms vs 6.9 Ϯ 0.5 ms; p Ͼ 0.89) or P14 neurons (6.6 Ϯ 0.4 ms vs 6.4 Ϯ 0.2 ms; p Ͼ 0.8). Accordingly, APmax was nearly significant for P10 neurons (ve- hicle control vs NT-3 exposed: 1.3 Ϯ 0.2 APs vs 6.1 Ϯ 2.6 APs, p Ͼ 0.07) and significantly different for P14 neurons (vehicle control vs NT-3 exposed: 1.0 Ϯ 0.0 APs vs 1.6 Ϯ 0.2 APs, p Ͻ 0.05), but the overall magnitude of the response was clearly reduced. However, the effect on voltage threshold did not diminish, but rather remained equally sensitive to modulation by NT-3 (Fig. 7D ) from P6 to P14 (NT-3 exposed: P6, Ϫ47.2 Ϯ 1.4 mV; P8, Ϫ48.9 Ϯ 1.0 mV; P10, Ϫ47.4 Ϯ 1.0 mV; P14, Ϫ46.9 Ϯ 0.8 mV; see figure for statistical comparisons). In contrast to basal neurons, apical neurons responded less robustly across all ages, which is consistent with a previous report (Adamson et al., 2002a ; see figure legend for details). The effects of NT-3 on basal neurons suggest that timing features such as latency and APmax (which may be a mixture of timing and excitability) are regulated differently than voltage threshold in response to trkC activation. In addition, the consistent effect of NT-3 on voltage thresholds indicates that the decline in the other parameters was not due to reduced trkC expression and further highlights the differential regulation of these parameters. Given the low concentration of NT-3 used in this study, the most parsimonious explanation of the results is that NT-3 works through trkC-dependent pathways, because the involvement of p75 NTR receptors is unlikely based on reports that it is not expressed in spiral ganglion neurons after birth (Tan and Shepherd, 2006; Provenzano et al., 2011) .
By P14 and in the absence of applied NT-3 (Fig. 4) , age-related changes in timing and excitability features, with the exception of voltage thresholds, became more homogenous such that tonotopic differences were minimized. However, in P14 spiral ganglion neurons, application of NT-3 significantly reestablished the tonotopic difference of two important features at Ϫ80 mV holding potential: latency (base: 6.4 Ϯ 0.2 ms; apex: 7.7 Ϯ 0.3 ms; p Ͻ 0.01) and APmax (Fig. 8D,E) while also having the effect of normalizing voltage thresholds (base: Ϫ46.8 Ϯ 0.8 mv; apex: Ϫ48.5 Ϯ 0.9 mV; p Ͼ 0.2). Similarly, at a holding potential of Ϫ60 mV, apical neuron latencies were significantly prolonged relative to the base and thresholds again became equivalent. In contrast to the results at Ϫ80 mV holding potential, APmax values at Ϫ60 mV holding potential were similar between base and apex. Given that NT-3 expression is higher in the apex than the base in vivo, these data suggest that these differences may be further augmented by the graded concentration of NT-3 along the tonotopic axis in vivo (Fritzsch et al., 1997; Fariñas et al., 2001; Sugawara et al., 2007) .
Studies on thalamic relay neurons have shown that relatively small changes in membrane potential can have dramatic consequences on neuronal firing (McCormick and Pape, 1990; Kim and McCormick, 1998) . The apparent decrement in the effect of NT-3 on APmax from P10 to P14 was surprising given that P8 base neurons responded robustly. Because NT-3 exposure can reduce the expression of some potassium channels and these changes presumably underlie the effect on basal neurons, we wondered whether P10-P14 neurons, which are generally less excitable, contained an intrinsic barrier that may be posed by an elevated density of potassium channels that attenuated the effect of NT-3. Further, given the observed shift in accommodation categories when holding the neurons at their more depolarized, endogenous RMP (Fig. 6) , we hypothesized that an effect of NT-3 on spiral ganglion neurons obtained from these older animals could be unmasked by changing the holding potential from Ϫ80 mV to Ϫ60 mV, a more physiological voltage (average: Ϫ60.7 mV based on values of Ϫ59.09 Ϯ 0.94 mV, n ϭ 8; Ϫ58.85 Ϯ 1.33 mV, n ϭ 10; Ϫ64.27 Ϯ 1.18 mV, n ϭ 12; neurons from the apex, middle, and base, respectively; Liu et al., 2014) with similar values described previously (Lin and Chen, 2000; Marrs and Spirou, 2012) , which would promote the inactivation of some potassium channels that ultimately define neuronal firing (Hille, 2001 ).
We first addressed this "unmasking" issue by assessing the population of cells that were generally least responsive to NT-3-induced changes in APmax, P14 neurons, by obtaining APmax values at both Ϫ80 and Ϫ60 mV holding potentials for each neuron. When the representative neuron shown in Figure 8A , which was exposed to NT-3, was held at Ϫ80 mV, it had an APmax of 2, but as the holding potential was gradually depolarized while maintaining the test current level, the SA phenotype was revealed. As shown in the plots of ISI versus APmax, we witnessed a reiteration of all three accommodation categories and a migration in the percentage of cells that exhibited SA when simply depolarized (Fig. 8B ) to an even greater shift when depolarization was combined with NT-3 exposure (Fig. 8C) . Indeed, the percentage of cells in each category in Figure 8C is very similar to that of P1-P2 neurons (cf. Fig. 4A, inset) . For vehicle control basal and apical neurons, the effect of depolarization to Ϫ60 mV had a slight but significant effect on APmax (Fig. 8D, our hypothesis, however, the effect of depolarization on neurons exposed to NT-3 was much more dramatic; resulting in an 8-fold increase for basal neurons (13.7 Ϯ 3.4 APs vs base at Ϫ80 mV; p Ͻ 0.01; Fig. 8D ) and a 5-fold increase for apical neurons (17.5 Ϯ 3.5 APs vs apex at Ϫ80 mV; p Ͻ 0.01; Fig. 8E ).
As shown in Figure 8 , exposure to NT-3 and a 20 mV depolarization produced dramatic changes in APmax, and the specific APmax at Ϫ80 mV was an important predictor of APmax at Ϫ60 mV holding potential. Example sweeps (Fig. 9A ) from P10 base and apex neurons treated with either vehicle or NT-3 highlight the effects observed in the group data (Fig. 9B-G) . UA and RA neurons from both regions under vehicle control or NT-3 treatments were assessed for APmax at Ϫ80 mV, and then depolarized to Ϫ60 mV holding potential, where APmax was reassessed. The majority of vehicle control P10 basal and apical neurons remained UA or RA, but some neurons (four of 24 basal neurons and six of 22 apical neurons) converted to SA with the change in voltage (Fig. 9 B, D) . However, neurons exposed to NT-3 showed an even greater increase in APmax at Ϫ60 mV holding potential, with the majority of neurons (six of 11 basal neurons and nine of Figure 7 . Differential sensitivity of timing and excitability features to NT-3 exposure suggest distinct regulatory mechanisms. A, Representative whole-cell current-clamp recordings from P6 (left) and P14 (right) neurons from base (top row) and apex (bottom row) under vehicle control and NT-3 treatment conditions. When held at Ϫ80 mV, the AP latencies of P6 basal neurons became slower, as did accommodation after exposure to NT-3. By P14, a less robust, though statistically significant, increase in APmax was observed for both basal and apical neurons. B-D, Effects of NT-3 on basal neuron AP latency (B), APmax (C), and voltage threshold (D) for P3, P6, P8, P10, and P14 neurons, as indicated. None of the parameters tested in P3 neurons were modified by exposure to NT-3. The effect on AP latency was only significant at P6 (B). The effect on APmax generally persisted through to P14, but with declining efficacy (C). Voltage thresholds were consistently reduced regardless of postnatal age (D). E-G, Effects of NT-3 on apical neuron AP latency (E), APmax (F ), and voltage threshold (G). The effects of NT-3 on these apical neuron properties were generally limited temporally and efficaciously and are consistent with previous studies. For B-D, n ϭ 9, 15, 15, 14, and 13 for control and n ϭ 10, 13, 16, 14, 22 for NT-3 for P3, P6, P8, P10, and P14, respectively; for E-G, n ϭ 10, 16, 15, 13, and 16 for control and n ϭ 11, 14, 15, 17, and 11 for NT-3, respectively.
12 apical neurons) shifted to SA (Fig. 9 B, D) . Therefore, the population of neurons that appeared to have a very limited response to NT-3 when held at Ϫ80 mV, in terms of APmax, now exhibited a completely different APmax when held at Ϫ60 mV. Notably, this effect was limited to RA neurons because SA neurons did not change significantly with the depolarization protocol (Fig. 9C,E) . Figure 9F shows each recording in which APmax was obtained at both Ϫ80 and Ϫ60 mV holding potentials plotted against the voltage threshold that was obtained at Ϫ80 mV. Although not tested here, from previous experiments we predict that the voltage threshold at Ϫ60 mV would be ϳ5 mV more depolarized (Liu et al., 2014) . The gray circles are the APmax values at Ϫ80 mV and the black circles are the APmax values at Ϫ60 mV, which show the clear shift in APmax with the change in holding potential. The likelihood that a UA or RA cell at Ϫ80 mV would convert to SA is plotted in Figure 9G . Evidently, a neuron was far more likely to convert to SA at Ϫ60 mV if it had an APmax of at least 2. Further, the data in Figure 9F suggest that the voltage threshold may be a predictor of conversion to SA, because most of the SA neurons (black circles) emerged when voltage thresholds were Ϫ45 mV or lower.
We next expanded our analysis to include all of the experiments in which APmax was assessed at both holding potentials and were either UA or RA at Ϫ80 mV and then investigated whether the APmax at Ϫ80 mV was a predictor of converting to SA at Ϫ60 mV and if voltage threshold could predict the response to depolarization. Results presented in Figure 10A address the first issue and demonstrate that the likelihood of a UA or RA neuron converting to SA correlated strongly with APmax at Ϫ80 mV. Further, the effect of NT-3 can be seen in the data, with a higher percentage of both basal and apical neurons converting to SA with an original APmax of just 1. Moreover, in every condition, if a cell had an APmax of at least 2, then it was 50% more likely to become SA at Ϫ60 mV holding; for cells that fired 3-8 APs at Ϫ80 mV, this level increased to Ͼ65% for control groups and Ͼ85% for NT-3 groups.
To answer the second question, we performed two analyses. First, within the data in Figure 10A , we investigated whether there was an identifiable subcategory of RA neuron based on voltage threshold that would convert to SA. Indeed, those cells that converted to SA had a numerically slight but functionally meaningful reduction in voltage threshold compared with those cells that did not change accommodation category (converted from RA to SA: Ϫ48.7 Ϯ 0.5 mV, n ϭ 72; remained RA: Ϫ46.8 Ϯ 0.7 mV, n ϭ 28; p Ͻ 0.05). The second analysis was done on two very distinct populations-those cells that only fired one AP regardless of treatment condition, age, or voltage compared with those cells that fired a single AP at Ϫ80 mV but converted to SA at Ϫ60 mV (Fig. 10B) . As the graph indicates, voltage threshold strongly predicts these two distinct categories of cells with the voltage thresh- Fig. 4D ). D, P14 basal neurons had a slight increase in APmax with the change in holding potential (Ϫ80 to Ϫ60 mV) under vehicle control conditions and a robust increase in APmax when neurons were exposed to NT-3 and also depolarized to Ϫ60 mV holding potential. For control (Ϫ80 mV to Ϫ60 mV), n ϭ 18; for NT-3 (Ϫ80 to Ϫ60 mV), n ϭ 20. E, Similar to D, membrane potential depolarization and NT-3 exposure strongly affected APmax in P14 apical neurons. For control (Ϫ80 mV to Ϫ60 mV), n ϭ 14; for NT-3 (Ϫ80 to Ϫ60 mV), n ϭ 14.
old of UA neurons being significantly higher than those neurons that converted to SA (Ϫ40.9 Ϯ 0.6 mV vs Ϫ49.7 Ϯ 0.5 mV; p Ͻ 0.001). Interestingly, basal neurons largely comprise the UA only group (30 of 41 cells), whereas mostly apical neurons converted from UA to SA (12 of 18 cells), indicating a tonotopic tendency to these opposing responses.
These studies confirmed that voltage threshold is a strong predictor of whether a neuron will transform from RA to SA, but they do not address whether neurons also transform their inherent firing characteristics, such as ISIs, in concert with the change in accommodation, particularly in older mice. Shown in Figure  11A are voltage traces to depolarizing current steps from a P14 neuron that was held at Ϫ80 mV (left sweeps) and then Ϫ60 mV (right sweeps). The sweeps are aligned closely to the plateau potentials as shown by the values beside the horizontal dotted lines. This cell was RA when held at Ϫ80 mV, transformed to SA when held at Ϫ60 mV, and the effect was reversible (data not shown). Dramatic differences in the number of APs were observed for five different P10 -P14 cells that transformed from RA to SA with the change in holding potential (Fig. 11B) . As shown in the figure, cells that fired Ͻ5 APs at Ϫ80 mV now fired Ͼ20 APs, which indicates the potential dynamic coding capacity of these neurons. Importantly, the ISIs between the first two APs were essentially identical at each level, suggesting that, whereas APmax changed, the instantaneous timing did not (Fig. 11A, inset) . This is shown for a larger dataset in Figure 11C , in which all cells with an APmax of 2 at Ϫ80 mV were plotted against their subsequent APmax at Ϫ60 mV. Remarkably, although the range of ISIs Figure 9 . The combination of membrane depolarization and NT-3 exposure unmasks the slowly accommodating phenotype in P10 neurons. A, Representative sweeps demonstrate the effect of membrane potential and NT-3 on APmax. Base control and NT-3 (top two sets of sweeps) from P10 neurons at a holding of Ϫ80 mV and then depolarized to Ϫ60 mV. P10 apical neuron recordings from control and NT-3-exposed conditions (bottom two sets of sweeps). The combined effect was robust regardless of location. The instantaneous rates for the second, third, and fourth sweeps are identical at Ϫ80 and Ϫ60 mV (147, 115, and 161 Hz, respectively) . B, For UA and RA neurons, membrane potential depolarization from Ϫ80 mV to Ϫ60 mV increased APmax under vehicle control conditions and NT-3 exposure markedly enhanced this effect, as shown by the vertical shift in APmax. A line connecting two points is the response of an individual cell at the two different holding potentials and the n's beside some of the points denote multiple cells with that response. D, Same experiment and similar results as in B, but for UA and RA P10 apical neurons. C, E, Membrane potential depolarization had essentially no effect when neurons were initially SA at Ϫ80 mV for vehicle control neurons (C) and NT-3-treated neurons (E). For C and E, both basal and apical neurons were combined across multiple age groups. F, Comparison of APmax versus voltage threshold (obtained at Ϫ80 mV) for P10 neurons for which APmax was tested at both Ϫ80 (black circles) and Ϫ60 mV (gray circles). Neurons that were unchanged had an APmax of 1 and are shown by the half-black/half-gray circles. Each gray symbol (Ϫ80 mV) is paired vertically to a black symbol (Ϫ60 mV). This is illustrated by the three experiments that are connected with dotted vertical lines. G, Depolarization robustly increased APmax primarily for those neurons that fired at least 2 APs at Ϫ80 mV. Plotted is the percentage of cells that converted to SA when depolarized to Ϫ60 mV holding. The number of cells responding divided by the total number of cells is shown above each bar.
for the dataset is wide, the shift in holding potential does not alter the characteristic ISI of a given cell. Together, these data show that, despite large changes in APmax, the instantaneous rate remains static, reflecting a consistent parameter of the neuronal firing profile.
Discussion
Accommodation is a central feature of all sensory systems. Rapidly accommodating neurons are designed for the detection of time-dependent changes in input, whereas slowly accommodating neurons are more suited to encoding level and duration variations. Further, rather than being static carriers of information, sensory neurons can be plastic, as demonstrated in nociceptive (Woolf and Salter, 2000) and enteric (Mawe et al., 2009; Nurgali, 2009) neurons, giving rise to the notion that primary sensory afferents possess the ability to modify their coding capabilities. Within the single class of type I primary afferents in the auditory system, it would not be unexpected that different levels of accommodation and plasticity are present to encode the dynamic nature of acoustic stimuli while providing a neuronal substrate to process intensity and duration information.
We show in the present study that isolated spiral ganglion neurons can display distinct response modes based on accommodation and threshold, which are robust throughout development, neurotrophin exposure, and RMP level. At early postnatal ages, neurons were highly excitable and basal and apical neurons were equivalent across all timing and excitability features examined. Interestingly, during this early period, external factors such as membrane depolarization and NT-3 had little effect, indicating that spiral ganglion neurons were maximally excitable but minimally dynamic. By P14, however, this situation reversed. The neurons appeared superficially uniform, becoming faster, less excitable, and similar in terms of kinetics and APmax, although tonotopic differences in threshold persisted. However, at this later age, the plastic capabilities of the neurons increased such that they were highly responsive to RMP depolarization and NT-3 exposure, thus restoring the breadth of their response properties. Interestingly, application of NT-3 also reestablished tonotopic differences in latency and APmax. In these experiments, both basal and apical neurons received the same treatment; however, the concentration of NT-3 in vivo is graded and higher in the apex (Fritzsch et al., 1997; Fariñas et al., 2001; Sugawara et al., 2007) , which may further enhance the tonotopic bias of these features.
Regulatory controls of accommodation response mode
The three response modes that we identified were defined by APmax and voltage threshold. Importantly, we found that the percentage of neurons within each category can shift while the framework remains stable. For example, RA neurons with low thresholds transitioned into SA neurons when their holding potentials were depolarized from a level at which most voltagegated ion channels are not inactivated (Ϫ80 mV) to a level close to physiological resting potential (Ϫ60 mV; Liu et al., 2014) . Although less prevalent, we also found UA neurons that could be converted to SA. Generally, the likelihood of transitioning to RA or SA was increased in cells with more hyperpolarized thresholds. Finally, we identified a subgroup of UA neuron that possessed the most depolarized thresholds and never changed response mode regardless of the treatment condition, indicating that these neurons may encode information that is distinct from those that do change response mode. Therefore, threshold is predictive of a neuron's accommodation profile and, further, this correlation is similar to that observed in vivo. Single-unit recordings from spiral ganglion neurons with high spontaneous rates generally display lower thresholds, whereas those with low spontaneous rates have higher thresholds (Liberman, 1982; Schmiedt, 1989; Taberner and Liberman, 2005) .
The association of threshold with accommodation is important because it adds an additional parameter that further distinguishes our accommodation classifications indicating that these two parameters may be linked. A potential unifying substrate for this link is the K v 1 family of voltage-gated potassium channels because they are capable of controlling three key interrelated features, resting potential, threshold, and accommodation, in spiral ganglion neurons (Brew and Forsythe, 1995; Mo et al., 2002; Lopantsev et al., 2003; Chi and Nicol, 2007; Liu and Davis, 2007; Mathews et al., 2010; Hao et al., 2013) . Interestingly, the increased expression of K v 1.1 during the first postnatal week corresponds closely to the changes in excitability over this same Figure 10 . Voltage threshold predicts the probability that spiral ganglion neurons will convert from RA to SA. A, Plot of all neurons in which accommodation was tested at both holding potentials and displayed as the percentage of cells that converted to SA when depolarized to Ϫ60 mV holding. Depolarization promoted conversion to SA primarily for those neurons that fired at least 2 APs at Ϫ80 mV under control and NT-3 treatment conditions from either cochlear location. Note that NT-3 exposure increased the percentage of cells that converted to SA for both basal and apical neurons. The number of cells responding divided by the total number of cells is shown above each bar. B, Voltage threshold was compared for two distinct classes of neurons, those that only fired 1 AP regardless of holding potential or NT-3 exposure (UA, black bar) and those that fired 1 AP at Ϫ80 mV but then converted to SA at Ϫ60 mV holding (UA to SA, gray bar). The voltage threshold was significantly different for these two classes of cells. The n's are shown within the bars and the asterisks indicates statistical significance.
period. Although we focused here on K v 1.1 protein expression, we previously examined K v 1.2 channels, which have a similar expression profile as K v 1.1 (Liu et al., 2014) . Further, the K v 1 family of channels are known to form heteromeric and homomeric complexes with differing properties (Ruppersberg et al., 1990; Hopkins et al., 1994) , thus adding to the complexity of excitability available to spiral ganglion neurons. Hypothetically, however, a mechanism as simple as depolarization-induced K v 1 inactivation (Dodson et al., 2002) can have a profound effect on the transition to different accommodation classes that would essentially provide instantaneous, yet reversible, regulatory control. Conversely, neurotrophin exposure could activate intracellular signaling systems and engage gene transcription programs that would result in longer-lasting changes in ion channel composition. Beyond K v 1 channels, spiral ganglion neurons possess a wealth of channel types, including rapidly inactivating K ϩ channels (e.g., K v 3 or K v 4 families) that could be involved (Yamaguchi and Ohmori, 1990; Chen, 1997; Rosenblatt et al., 1997; Adamson et al., 2002b; Mo et al., 2002; Szabó et al., 2002; Hossain et al., 2005; Chen and Davis, 2006; Liu and Davis, 2007; Lv et al., 2012; Kim and Holt, 2013; Wang et al., 2013; Liu et al., 2014) , but the characteristics of K v 1 channels (Johnston et al., 2010) are consistent with our observations. Timing-related features and threshold are distinct and separately regulated A distinguishing feature of the accommodation categories is the broadly dispersed and overlapping firing rates observed in both RA and SA neurons that range from 50 to Ͼ200 Hz. However, neurons that shifted from RA to SA manifested an increase in APmax, whereas intrinsic timing remained constant. Although the heterogeneity observed within the spiral ganglion may be rooted in differential distributions of ion channels, the source of regulatory control on a feature that remains constant is more difficult to pin down. Nevertheless, voltage-gated Ca 2ϩ channels are candidates for maintaining a stable firing rate due to their role in regulating both AP latency and duration (Chen et al., 2011) . Although most voltage-gated ion channels evaluated in the spiral ganglion show tonotopic gradations and, therefore, are likely regulated by NT-3 and BDNF (Adamson et al., 2002a) , one channel type, Ca v 2.2, stands out because it is distributed uniformly throughout the ganglion (Chen et al., 2011) . Furthermore, because Ca v 2.2 channels are high-voltage activated, they may be less sensitive to differences in voltage threshold. Therefore, this ion channel and others with similar features would likely remain essentially unchanged with alterations in RMP and NT-3 and are potential candidates for maintaining the constant timing observed in the present study. Further studies are required to test this hypothesis directly.
The distinction between the timing-related features and accommodation and threshold was also evident when recordings were evaluated at different postnatal ages and in response to NT-3. For example, alterations in AP latency, a kinetic feature, arose substantially earlier (P2-P3) than the change in APmax (P4 -P6) or voltage threshold (P4 -P7). We also observed that the effects of NT-3 on AP latency and voltage threshold further differentiated these electrophysiological parameters. Therefore, neurons may establish their firing rate independently of membrane potential and voltage threshold, and the dissociation of these parameters at different developmental ages and with NT-3 application further supports the idea that distinct ion channel types regulate these electrophysiological features. This conclusion is also consistent with the tonotopic differences in AP latency (linear) and voltage threshold (non-monotonic) described previously .
Implications of the time course of regulation
The auditory system must encode rapidly changing acoustic stimuli, so it may not be surprising that rapid accommodation is predominant among the primary afferents to process this information. Conversely, we hypothesize that the presence of slowly accommodating neurons may contribute to coding stimulus intensity and waveform envelope duration. Although membrane potential changes are capable of instantaneously altering the ac- Figure 11 . Membrane depolarization and NT-3 treatment promote a shift from RA to SA without a change in firing rate in P10 and P14 neurons. A, Stacks of sweeps from the same P14 neuron held at Ϫ80 mV (left) and then Ϫ60 mV (right). Note that, as the test current injection is increased, the number of APs differs between the two holding potentials, but the firing rates do not differ when the sweeps are aligned according to plateau voltage (dashed lines with value in mV). At the top of the sweeps is an expanded time scale of the first 3 APs showing the high degree of overlap. The gray triangle beneath the sweeps is the same experiment shown for the analyses in B and C. B, Number of APs for five different neurons when held at Ϫ80 mV (black symbols) and then at Ϫ60 mV (open symbols; gray symbol is the experiment shown in A) plotted as a function of plateau membrane voltage (mV). Note the transformation in firing with the change in holding potential. C, Comparison of ISI vs APmax for neurons that had an APmax of 2 at Ϫ80 mV and their subsequent ISI versus APmax at Ϫ60 mV. Despite the heterogeneity in ISI and APmax, an individual neuron's ISI remained stable with the change in holding potential and firing. The gray symbol represents the experiment shown in A, which had an APmax of 6 at Ϫ80 mV.
commodation response mode of a spiral ganglion neuron, it is the source of these changes that determines the time course of the effect. One might expect that voltage fluctuations due to voltagegated ion channels, for example, would be essentially instantaneous. Conversely, should critical voltage changes be mediated through a channel type that requires second messenger signaling, such as HCN, an intermediate time course would be predicted. Finally, longer-term changes resulting from gene transcription could alter the balance of ion channels, as expected from exposure to neurotrophins (Ginty et al., 1994; Riccio et al., 1997; Sherwood et al., 1997; Woolf and Costigan, 1999) . In such a highly modulated system in which neurotrophins, second messenger-modulated channels, calcium-activated potassium channels, and a profusion of efferent modulation exists (Dulon et al., 2006) , one might hypothesize that these and other processes contribute to the plasticity and dynamic firing patterns that we observe. Although the source of each regulatory mechanism is necessarily speculative at this time, it is clear that the combined effects of many contributing factors highlight the intersection of different time scales with specific mechanisms allowing for dynamic changes to occur over multiple temporal domains.
